1. Purpose and Plan.-It has been known for many years that the prevailing light intensity determines the magnitude of many visual functions. However, the attempt to formulate these relationships theoretically has made it plain that quantitative comparisons among the data for human vision are uncertain due to important differences in the conditions of their measurement. Because of this, we determined to measure these functions under constant conditions in an animal whose vision is so different from our own as to furnish an independent description of its physiological structure. Such work, already begun with the bee,' has been carried further by Wolf.2 But the seasonal existence of the bee led us to use the common fruit-fly, Drosophila melanogaster, which, like the bee, is genetically uniform, and in addition is available the year round.
The method of measurement, first worked out for the bee, depends on the reflex response given by an animal to a movement of its visual surroundings. Presented with a visual field composed of stripes, the animal can respond to a movement of this pattern only when it is able to resolve the essential elements of the pattern. The composition of the pattern may then be varied to yield the desired visual function. The stripes may be varied in width and thus measure visual acuity; the alternating stripes may be varied in relative intensity and measure intensity discrimination; in spectral composition and measure wave-length sensibility and color vision. The present report concerns measurements of visual acuity and of intensity discrimination.
2. Procedure.-As shown in figure 1, light from a 500-watt concentratedfilament Mazda lamp falls successively on three opal glass plates. The intensity of the light on opal plate 3 is controlled in a series of steps by placing the lamp at selected distances from opal 1, and by removing or keeping opal 1; for the intervening steps the intensity is controlled smoothly by the iris diaphragm in front of opal 2. Immediately in front of opal 3 is the vertically striped pattern, mounted to slide easily in the plane perpendicular to the drawing. For intensity discrimination the pattern is a photographic plate composed of translucent bars and equally wide, clear interspaces. Several similar plates are used which differ only in the density of the translucent bars, so that each plate represents a pattern whose alternating elements have a fixed ratio of light transmission.
For visual acuity the pattern is a photographic plate composed of opaque bars and equally wide clear interspaces. Several such plates are used differing only in the width of the stripes. The measurements are made by setting for each plate an intensity at which motion of the plate produces no response. The intensity is then raised by small steps until the characteristic threshold reaction of the animal is elicited.
The fly is in a long, rectangular, glass cell in front of the moving pattern, and presents one eye full toward the pattern. With the light on, and the stripes at rest, the fly creeps back and forth from one end of the cell to the other. When the stripes are moved in the direction in which the fly is creeping, the fly stops, moves backward a few millimeters, turns around and creeps in the opposite direction. To obtain a sharp response it is not necessary for the striped plate to move more than just perceptibly faster figure 2 . The measurements have been averaged in the obvious groups into which they fall, and the curve passes through these averages. The data show that at the lowest intensities, for the fly to respond to the pattern, the ratio of the intensities of alternating stripes must be about 100. As the prevailing intensity increases, this ratio decreases rapidly to about 2.5, a value which is maintained up to the highest intensities. This is shown by the fact that the plot in figure 2 approaches a straight line whose slope is 1. Not shown in figure 2 is the fact that the line continues this way up to 1000 millilamberts, the highest intensities obtainable in the present apparatus.
It is usual to call I the lower of the two intensities and I + AI the higher, the difference between them being AlI. As a measure of intensity discrimination, one may then plot either the ratio Ai/I against log I, as has been done since Fechner, or preferably the ratio AI/(I + Al) against log (I + M). Neither procedure has any apparent theoretical justification, and in the present case they tell no more than the data themselves as plotted in figure 2. From the figure it is apparent that below log (I + Al) = -2.1 the intensity discrimination of Drosophila is practically non-existent, but that above this it improves rapidly up to about log (I + AO) = -1.7, after which it slowly approaches a constancy which is maintained at the highest intensities.
The intensity discrimination of the bee follows a similar course. However for the human eye, Koenig and Brodhun,4 Lowry' and Houstoun and Shearer6 found that as the intensity rises intensity discrimination at first becomes better and then worse. The same is apparently true for the clam.7 Aubert's measurements8 for the human eye do not show this final fall, and unpublished data by Mr. Jacinto Steinhardt of our Laboratory confirm its absence at high intensities under proper conditions. 4. Visual Acuity.-We made 220 measurements of visual acuity with 32 flies. The individual points in figure 3 give the visual angle subtended by the stripe to which the bee just responds at the particular intensity. The curve passes through the averaged data. Adopting the usual definition of visual acuity as the reciprocal of the just resolvable visual angle in minutes, we have plotted the averaged data in this way in figure 4. The visual acuity of Drosophila is thus shown to increase with the logarithm of the illumination in a sigmoid manner, already familiar from the data on the human eye and on the bee eye.
The visual acuity of Drosophila does not decrease continuously with the decrease in intensity, but instead stops at an intensity corresponding to a brightness of 0.008 millilambert. No matter how large the stripes are, the animals do not respond to them until this intensity is reached. This is related to the fact, obvious from the intensity discrimination data in figure 2, that at this point for another intensity to be recognized as perceptibly lower it must be practically extinguished.
The maximum visual acuity achieved by Drosophila is 0.0018, a value about 1/iooo that of the human eye and 1/1o that of the bee's eye. The maximum visual acuity of the human eye and the bee's eye is associated with the size of the structural units of the receiving elements. In man the maximum value as ordinarily obtained approximates the distance between foveal cones. In the bee the minimum perceptible visual angle is the same as the smallest angles (also 0. Intensity discrimination of Drosophila. Each measurement with 24 flies is recorded. The dots are data secured with the apparatus here described; the crosses with a totally different set-up which it is unnecessary to detail hIere. The data from the two sources yield the same results.
This might indicate that the ommatidia of Drosophila do not function singly, but we are inclined to attribute the difference to the small total number of ommatidia in the eye. To distinguish a pattern, a certain minimal number of elements must be stimulated. This number is apparently a small fraction of the total population of retinal elements in the eye of man or of the bee. In the fly where the total number of elements is small, it represents a considerable proportion of the retinal population, and the group of units called into play to register a single stripe thus transcends the boundaries of a single line of elements.
The two visual functions studied in Drosophila occur within about the same intensity range, as is apparent by comparing figure 2 with figure 4 The relation between intensity and the angular distance occupied by the stripes to which the fly can just respond. Each measurement with 32 flies is recorded.
acuity.I A similar comparison of data for the human eye is not possible because of the different conditions under which they were secured.
The minimum value of Al/I for Drosophila is .1.5; for the bee2 it is 0.25; and for man the minimum recorded9 is 0.006. Adopting the entirely arbitrary notion that the reciprocal of AI/I measures intensity discrimination, and putting Drosophila at 1, the ratios Drosophila/bee/man are 1/60/249 for maximum intensity discrimination, and 1/9.4/1110 for maximum visual acuity. A rough parallelism is apparent in these two functions.
5. Criticisms.-Drosophila is the fourth organism (the others are man, I X ..w. the bee and the fiddler crab'0) whose visual acuity has been measured in relation to intensity, and in all four visual acuity varies with log I in a characteristically sigmoid manner. The only quantitative interpretation at present available" for this recognizes that visual acuity is an expression of the resolving power of the retinal surface. The resolving power of a surface composed of independently functioning elements depends on the number of elements per unit area, or more specifically on the distance between the centers of the sensitive elements. To account for the required (43 Lo9ar/fbm of Intensity-1Yi1/Aurrert The averaged data of figure 3 plotted as visual acuity against the logarithm of the intensity. The function starts abruptly at -2.1, below which the flies do not respond to stripes no matter how large they are. variation in number of elements at different intensities, it is assumed that the thresholds of the retinal elements vary as does any other population *characteristic, and therefore that the visual acuity-log I relation is described by an integral distribution curve.
Freeman'2 has argued that since visual acuity may be varied by factors other than intensity, its variation with intensity cannot be determined.by the number of elements functional. A similar argument has been more elaborately presented by Wilcox and Purdy.'8 However, it is hard for us to see the force of these criticisms, since the idea of how visual acuity varies VOL. 10, 1933 with intensity is quite independent of the particular mechanism which determines the magnitude of visual acuity at a given intensity. No matter what that mechanism may be or how involved it may be, it must rest on the fact that the ultimate resolving surface is composed of units which are independent fimctionally. The variation of visual acuity with intensity then follows in terms of the ordinary probability distribution of thresholds.
An apparently more pertinent criticism comes from Wilcox," who found that under certain conditions visual acuity does not rise steadily with log I as previously found by every one, but that it becomes worse at high illuminations. In Wilcox's procedure two tiny, illuminated, vertical bars each subtending 2.4 by 20 minutes of visual angle are viewed against an absolutely black background, and the distance is determined by which the bars must be separated for them to be recognized as two bars. Thus the retina as a whole is completely dark, and only the very minute test objects are illuminated. It seems almost too elementary, but apparently qWte necessary, to point out that the term retinal mumination refers to the general level of illumination of the retina as a whole, or of a goodly portion of it, and not of a minute part of it. What Wilcox measured is some aspect of glare, but not of visual acuity. That this analysis of Wilcox's difficulty is correct is shown when the reverse procedure is used, that is when the test bars are black and the background is evenly illuminated. Wilcox made such measurements also; they are in agreement with the classic data, and are therefore open to the same explanation.
6. Comparisons.-These criticisms thus leave untouched the explanation of the relation between visual acuity and illuimination as due to a population distribution of the sensitive elements. This explanation, as well as the similar one concerned with intensity discrimination, has been taken over by Houstoun6 with an enthusiasm which has failed to grasp the theoretical difficulties involved. For example, the original supposition was that visual acuity is a function of the total number of functional elements, but that intensity discrimination (though basically photochemical) is a function of the differential increment in the number of functional elements.
The present data on Drosophila and other data on the bee show that this idea is not tenable for intensity discrimination. If it were, then the intensity at which visual acuity alters most rapidly with log I should represent the most rapid rate of entrance of functional elements, and should therefore correspond to the place where intensity discrimination is best. Moreover, at high intensities when visual acuity practically ceases to increase because nearly all the elements are already functional and very few new ones enter, intensity discrimination should be poorest-in fact almost non-existent.
Yet neither of these things is true. Figure 4 shows that the greatest change of visual acuity with log I occurs at a point at which, as figure 2 shows, intensity discrimination is certainly not maximal. Moreover, at the highest intensities when visual acuity has reached its top value, intensity discrimination instead of being at its worst is actually at its best. Exactly the same is true for the bee, as shown by a similar comparison of the data of visual acuity with the recent data of Wolf on intensity discrimination. Very likely the same is true of the human eye, but the data are not all available at the moment.
It would thus seem that intensity discrimination is not dependent on the rate at which elements become functional, but rather on the total number of elements functional, as in visual acuity. For visual acuity this is simple, and is structurally sensible. For intensity discrimination it will call for a revision of ideas held up to now.
The full details of this work will be published in the Journal of General Physiology.
7. Summary.-The intensity discrimination and visual acuity of Drosophila may be measured at different illuminations by means of its reflex response to a moving visual pattern. Its visual acuity varies with log I as in man, the bee and the fiddler crab, being very poor at low illuminations and increasing in a sigmoid manner as log I increases. The maximum visual acuity is 0.0018, which is 1/looo of the maximum of the human eye and I/lo that of the bee.
The intensity discrimination of Drosophila is also poor. At low illuminations two lights are discriminated only when the ratio of their intensities is nearly 100. This ratio decreases as the intensity increases, and reaches a minimum of 2.5 which is maintained at the highest intensities. The minimum value of AI/I for Drosophila is 1.5, which is to be compared with 0.25 for the bee and 0.006 for man.
An explanation of the variation of visual acuity with illumination is given in terms of the variation in number of elements functional in the retinal mosaic at different intensities, this being dependent on the general statistical distribution of thresholds in the ommatidial population. Visual acuity is thus determined by the integral form of this distribution and corresponds to the total number of elements functional. The idea that intensity discrimination is determined by the differential form of this distribution is made untenable by the data, which indicate instead that intensity discrimination is probably also determined in some way by the total number of functional elements. I The details of Entomological taxonomy are usually considered of little interest except to specialists, but the insects do in fact throw much light on general biological problems. This has long been understood with reference to their cytology, and much has been made of their interesting and varied habits, but purely morphological details may also present aspects of general interest. The insects possess certain advantages for such studies, arising from the enormous numbers of genera and species, and the great complexity of many of their structures. Furthermore, they appear to represent, at least in very many cases, what may be called lateral evolution. That is to say, a type gives rise to other types, without itself becoming extinct, this being made possible by the different ecological situations, which permit the evolution of numerous non-competing species in the same general area. Furthermore, there is increasing proof that the genes for many characters lie latent for long periods, so that similar structures appear in different branches of the same family or order. It may of course be debated whether these reappearances are due to entirely new developments, or have a common origin somewhere in the ancestral germ plasm, or are due to a sort of orthogenesis. It is not necessary to assume that every case may be explained in the same way, but among the bees, at any rate, the evidence for germinal continuity and latency seems rather convincing.
Perhaps the most striking result of the recent studies of African bees has been the discovery that the genus Hesperapis, characteristic of the southwestern deserts of North America, is identical with Capicola, of the deserts of S. Africa. The genus has such excellent characters that it is not
